INTRODUCTION
Compression set measures the ability of cured rubber to recover its original shape after the deforming force is removed, and is the ratio of elastic to viscous components of a rubber response to a given deformation.
1 A compound with the least compression set has the highest level of elasticity and consequently, it has the least viscous property.
This is usually expressed as the percentage of the compression which is not recovered within a short time after release. Generally, the lower the compression set percentage the better. Compression set is an important property of industrial rubber articles such as sealants. Seals for automotive body applications for example windows, hoods, trunks and doors, and building applications such as windows glazing, gaskets and weather strips, should have dimensional stability to provide low compression set, and offer outstanding sealing characteristics over a broad range of temperature. Such seals must be capable of sealing out noise, wind and water, while providing long-term ultraviolet light resistance. At the same time, the material used in making seals must offer the degree of flexibility required for a particular application. 2 Several papers have reported factors affecting mechanical properties including compression set of rubber vulcanizates. [3] [4] [5] [6] [7] For example, Morrell and co-workers 6 investigated accelerated thermal ageing of NBR rubber O-rings in air whilst under 12.5% compression at temperatures up to 110 o C. Their results indicated that the predominant reaction contributing to compression set was oxidative degradation of the rubber. The degradation process leading to the compression set was oxidative crosslinking in nature. Additionally, the solvent swell tests showed a correlation between the compression set and crosslink density. Chang 7 investigated effect of changing Mooney viscosity on the hardness, elongation at break and compression set of a sulfurcured NBR rubber and reported reduction in the compression set as the Mooney viscosity was increased. Evidently, the compression set of NBR was influenced by many factors.
Sulfur vulcanization uses accelerator to open elemental sulfur ring to form crosslinks with the rubber chains. Accelerators, in simplest terms, hasten the cleavage of the sulfur ring and formation of thiyl and polysulfenyl radicals. 8 Sulfenamide accelerators such as N-cyclohexyl-2-benzothiazole sulfenamide (CBS) are safeprocessing, delayed action accelerators and are most widely used as primary accelerators due to their superior scorch safety. CBS is rarely used in sulfur cure systems without a secondary accelerator. The most widely used secondary accelerators with CBS are from the thiurams group. The thiuram accelerators for instance tetramethylthiuram disulfide (TMTD), are fast curing, sulfur-bearing accelerators and possess short scorch safety when used as a primary accelerator. 9 In efficient cure systems (EV), there is low level of elemental sulfur, i.e. 0.5 phr, with high accelerator content (5-6 phr). EV cure systems have predominantly high mono-sulfidic and little or no polysulfidic crosslink content. 10, 11 Mechanical properties of sulfur-cured rubber vulcanizates are affected by crosslink density changes. For natural rubber (NR), styrene-butadiene rubber (SBR), and ethylene-propylene diene rubber (EPDM), tensile strength and tear strength improved as a function of crosslink density, reaching some optimum values and then decreased as the crosslink density was raised further. 12 Another study 10 investigated effect of various types of sulfur-cure systems on the mechanical properties of NR and reported similar findings. But, there has been relatively limited data available on the effect of different EV sulfur cure systems on the compression set of NBR. Of particular interest was to determine how changes in the loading of CBS and TMTD accelerators and elemental sulfur at a fixed loading of activators in EV sulfur cure system affected the compression set of NBR filled with carbon black and silica solid fillers. This was important because NBR is used extensively to manufacture O-rings and industrial gaskets for high temperature and corrosive environments. 13 NBR is a non-crystallizing rubber unlike NR and must be reinforced with solid fillers such as carbon black and silica to improve its mechanical properties.
Carbon blacks, synthetic silicas, quartz, and metal oxides which have large surface areas ranging from 30 to 400 m 2 /g are very effective in improving mechanical properties of rubber. 14 Carbon blacks and silicas are the most widely used fillers in rubber reinforcement and in recent years silicas have been replacing carbon blacks in many industrial rubber compounds. However, silicas are acidic 15 and polar 16 because of the presence of silanol or hydroxyl groups on their surfaces. This causes unacceptably long cure times and slow cure rates, 17 and also loss of crosslink density in sulfur-cured rubbers. 18 To remedy the problems aforementioned, bifunctional organosilanes also known as coupling agents, for example bis(3-triethoxy silylpropyl)-tetrasufide (TESPT), are added to modify silica. The addition of an increasing loading of TESPT improved dispersion of silica particles in rubber. 19 Silica and TESPT interact in two ways. Firstly, silica and TESPT are mixed together in the required ratio and homogenized in an additional preliminary mixing stage. 20 Alternatively, silanization is carried out in situ. This is usually done in an internal mixer at the first stage of mixing, where TESPT is added together with or after the addition and dispersion of the silica. 21 Effect of an increasing loading of TESPT on the mechanical properties of natural rubber (NR) filled with a high loading of precipitated amorphous white silica was investigated. The silanization was performed in situ. There was evidence that the silica was poorly dispersed in the rubber and probably had not been properly silanized before addition to the raw rubber. 22 In later work, large amount of TESPT pre-treated precipitated silica was mixed with NR and the filler dispersion was investigated by scanning electron microscopy (SEM). The silica particles dispersed well in the rubber matrix and the mechanical properties were significantly better than those measured previously for NR containing an equivalent amount of silica and TESPT which was prepared in situ. 23 A similar behavior was also observed when a high level of TESPT pre-treated precipitated silica was used in NBR. 24 In addition, the rubber reactive tetrasulfane groups of TESPT reacted with the rubber chains in the presence of accelerator to form stable covalent crosslinks or chemical bonds which increased the rubber-filler interaction. This was beneficial to the reinforcement of the rubber properties. 23, 24 In this study, effect of different EV sulfur cure systems on the compression set of an NBR rubber filled with carbon black and silica/TESPT fillers of different surface areas was investigated. The loading of zinc oxide and stearic acid activators in the cure system and carbon black and silica fillers in the rubber were kept constant, though the amount of elemental sulfur was changed. In addition to the compression set, the scorch and optimum cure times, cure rate index, crosslink density, tensile strength, elongation at break, and hardness of the rubber vulcanizates were also measured.
EXPERIMENTAL

Materials -Rubber, filler and rubber chemicals
The raw rubber used was acrylonitrile-butadiene rubber (NBR, 34% Acrylonitrile, LG 
Mixing
The raw rubber was mixed with the reinforcing fillers for 6 min in a semi industrial 
Cure properties of the rubber compounds
The scorch time ( 1 ), which is the time for the onset of cure, and the optimum cure time ( 90 ), which is the time for the completion of cure, were determined from the cure traces generated at 160 ± 2 o C, using an oscillating disc rheometer curemeter (ODR, SANTAM SRT-200B, Santam Company) at an angular displacement of ±3 o and a test frequency of 1.7 Hz. These tests ran for up to 18 min. ∆torque, which is the difference between the maximum and minimum torque values on the cure trace of the rubber and is an indication of crosslink density changes in the rubber, was also determined from the cure traces. Figure 2 shows typical cure traces produced in the ODR. The cure rate index (CRI), which is a measure of the rate of curing in the rubber, was calculated using 27 CRI =100/ ( 90 − 1 )
All the test results were summarized in Table 2 .
Curing of the rubber compounds, test pieces, and test procedure
After the cure properties were measured (Table 2) , the rubber compounds were cured in a compression mold at 160°C and a pressure of 160 atm. Pieces of rubber, each approximately 57 g in weight, were cut from the milled sheet. Each piece was placed in the center of the mold to enable it to flow in all directions when pressure was applied to prevent anisotropy from forming in the cured rubber. For determining the mechanical properties of the rubber vulcanizates, sheets 15 cm by 15 cm in dimensions and approximately 2.3 mm thick, were cured from which various samples for further tests were cut.
Measurement of the crosslink density and sol content of the rubber compounds
The solvent used for the sol content and crosslink density (CLD) determinations was toluene. For the determination, 5 g of the rubber was placed in 300 ml of the solvent in labeled bottles, and allowed to swell for 16 days at 21°C. The sample weight was measured every day until it reached equilibrium. The solvent was then removed. The samples were dried in air for 9 h and then in an oven at 85 °C for 24 h, and allowed to stand for an extra 24 h at 23 °C before reweighing. The CLD was calculated using the υ is the volume fraction of rubber (polymer) in the swollen gel, and is the interaction parameter, which was calculated using the following equations: 29, 30 = 0.429 + 0.218
where and are the densities of the rubber and solvent, respectively; is the weight fraction of soluble material in the initial sample (sol fraction); is the initial weight fraction of filler in the sample; is the weight of the swollen gel; and 0 is the weight of the dried sample.
Note that the Krause correction was not made because the results were used primarily to compare the CLD of the compounds tested. The sol content was calculated as a percentage, using the following equation:
where is the initial weight of the sample. Results from these experiments were summarized in Table 3 .
Measurement of the compression set of the rubber vulcanizates
The compression set of the rubber vulcanizates was measured at 25% compression at 100 °C for 24 h, using cylindrical samples, 13.1 mm thick and 28.9 mm in diameter, according to the procedure described in ASTM D395-03. The samples were placed in a compression set testing apparatus (Taha Ghaleb Toos Co. Iran) and at the end of the test, the samples were removed and allowed to cool at room temperature for 30 min and then the set was calculated using the following expression:
Compression set = Initial thickness − Final thickness Initial thickness x 25% 100 (6) This was repeated on three different samples, and the median of the three readings was reported. The results were summarized in Table 4 .
Determination of the tensile properties and hardness of the rubber vulcanizates
The tensile strength and elongation at break of the rubber vulcanizates were determined in uniaxial tension in a SANTAM STM-20 mechanical testing machine, using standard dumbbell test pieces (95 mm long with a central neck 26 mm long and 2.3 mm wide).
The test pieces were die-stamped from the sheets of cured rubber. The tests were performed at 21 °C and a cross-head speed of 500 mm/min. 31 SANTAM computer software was used for storing and processing the data. The hardness was measured using cylindrical samples, 12.5 mm thick and 29.0 mm in diameter. The samples were placed in a Shore A durometer hardness tester (Shore Instrument & Mfg., Co., New York) and the hardness was measured at 23.5 °C and a reading was taken after 15 s.
This was repeated at three different positions on each sample, and the median of the three readings was reported. 32 The results were reported in Table 4 .
RESULTS AND DISCUSSION
Effect of various EV cure systems on the compression set of the rubber vulcanizate
To study effects of various EV sulfur cure systems on the compression set of the rubber vulcanizate filled with carbon black and silica fillers, compounds with various CBS (primary accelerator) to TMTD (secondary accelerator) weight ratios were prepared (compounds 1-40, Table 1 ). The CBS/TMTD weight ratios were 0.33, 1 and 3 for all the compounds tested. However, the amount of each accelerator varied from one compound to another. For example, in compounds 2-4, the loading of CBS was increased from 0.4 to 1.2 phr and that of TMTD decreased from 1.2 to 0.4 phr, and in compounds 7-9, the amount of CBS was raised from 1.25 to 3.75 phr and that of TMTD decreased from 3.75 to 1.25 phr to produce the weight ratios mentioned above.
Similarly, for compounds 12-39, the loading of CBS was raised from 2 to 6 phr and that of TMTD decreased from 6 to 2 phr to produce the weight ratios of 0.33, 1, and 3. As shown in Table 1 , compounds with TMTD and CBS were also prepared and tested for The compression set of the rubber vulcanizate increased progressively as the CBS/TMTD weight ratio in the cure system was raised, irrespective of the filler type and loading of elemental sulfur. However, this was not the case for compounds 12-14, and 17-19 (Table 4) . Notably, increase in the CBS/TMTD weight ratio and filler type affected the compression set of the rubber in different ways (Fig. 3) . The compression set of compounds 7-9 was 50-60% lower than that of compounds 2-4. This suggested that at a constant loading of elemental sulfur, i.e. 0.5 phr, and with the same filler type (N330), the rubber set was lower if the amount of CBS and TMTD accelerators in the CBS/TMTD ratio was higher, e.g. 1.25/3.75 (compound 7) rather than 0.4/1.2 (compound 2). Interestingly, the compression set was very low when less elemental sulfur was used in the cure system. For example, the compression set of compound 17
with 0.335 phr elemental sulfur was 12% lower than that of compound 12 that had 0.5 phr elemental sulfur at the same CBS/TMTD weight ratio of 0.33 and with the same filler type (N330). Note that these compounds had much larger amounts of CBS and TMTD accelerators in the cure system, i.e. 2-6 phr.
The compression set deteriorated noticeably when the filler type was changed. For instance, when N550 replaced N330 in the rubber the compression set increased by 11% (cf. compound 12 and compound 22). The compression set continued deteriorating when N660 and the silica fillers were used in the rubber. The compression set of the rubber increased by 19% with N660 (cf. compound 12 and compound 27), by 253% with the liquid TESPT treated silica (cf. compound 12 and compound 32), and by a similar amount with the silane pre-treated silica (cf. compound 12 and compound 37). Recall that these compounds had 0.5 phr elemental sulfur and large amounts of CBS and compounds cured with CBS had a poorer compression set than those cured with TMTD (Table 4) . Therefore, it was concluded that the lowest compression set for the rubber vulcanizate could be achieved with N330 carbon black filler, 0.335 phr elemental sulfur and larger amounts of CBS and TMTD in the cure system, i.e. 2-6 phr. It was interesting to note that small changes in the amount of elemental sulfur, i.e. from 0.5 to 0.335 phr, had a more pronounced effect on the compression set than did large changes in the amount of CBS and TMTD in the cure system, i.e. 2-6 phr. Besides, the replacement of N330 with N550, N660 and silica/silane fillers was not beneficial to the compression set of the rubber vulcanizate and in fact the latter had the worse effect on this property.
Factors affecting the compression set of rubber vulcanizates
The compression set of NR increased by almost 46% when 10 phr of TESPT pretreated silanized silica was added 33 and that of ethylene-propylene-diene (EPDM) by nearly 54% when 30 phr of the same filler was incorporated in the rubber. 34 It was also reported that the compression set of EPDM rose by approximately 144% as the loading of the filler was raised to 60 phr. 34 Clearly, in the case of the TEPST pre-treated precipitated silica, the compression set was influenced by both the filler loading and chemical composition of the rubber. Additionally, our results showed that the compression set of NBR was affected by increase in the CBS/TMTD weight ratio in the cure system, at least for some of the compounds tested (Figure 3) , as well as the filler type. This new information will be useful for the design and compounding of rubber seals.
rubber vulcanizates
When the crosslink density and ∆torque values were examined in Tables 2 & 3, as expected there was a clear correlation between the two. In most cases, as the crosslink density increased so did the ∆torque. However, there were some exceptions. For example, for compounds 37-39 there was no obvious trend. Remember that ∆torque is an indication of crosslink density changes in the rubber. When the compression set results in Table 4 were re-examined in the light of the crosslink density and ∆torque values in Tables 2&3, it was obvious that crosslink density was the main factor in determining the compression set of the rubber vulcanizate. For example, for compounds 2-4, the crosslink densities were 297-235 mol/m 3 , and the compression set of these compounds were 17.51-37.41%, respectively. As the crosslink density decreased, the compression set went up except for compounds 12-14 and 17-19. Note however that the silica-filled rubber vulcanizates had much higher crosslink densities (compounds 31-40; Table 3 ). This was because TESPT is a sulfur-bearing silane and was used as a coupling agent. The silica particles reacted with the rubber chains via the tetrasulfane groups of TESPT and produced additional crosslinks to those monosulfidic ones formed by elemental sulfur. 17 As stated earlier, EV cure systems have predominantly high mono-sulfidic and little or no polysulfidic cross-link content. 10, 11 The formation of mono sulfidic links between the rubber chains reduced chain mobility and inhibited chain slippage when a load was applied to the rubber in the compression tests. This in turn reduced set or permanent deformation of the rubber after the applied load was removed. All the indications were that adjusting the crosslink density was the most effective method for influencing the compression set of the rubber vulcanizate. This was in line with a previous study.
6,7
Effect of different combinations of accelerators on the compression set of some
NR vulcanizates
Francis and co-workers 35 examined effect of various solid fillers including HAF carbon black and precipitated silica in the binary systems containing TMTD-amidinothiourea (ATU) and di-benzothiazole-2-yl-disuphide (MBTS)-ATU in NR vulcanization. MBTS is a thiazole type accelerator used for all sulfur curable rubbers. ATU was used as a secondary accelerator and improved the accelerator activity of these systems. The MBTS/ATU and TMTD/ATU weight ratios in the sulfur cure system increased from 0.67 to 2. The compression set of the HAF-filled rubber vulcanizate increased by 13% as the MBTS/ATU and TMTD/ATU weight ratios in the cure system were raised progressively to their optimum values. A similar trend was also observed for the silica-filled rubber vulcanizate though the rise in the compression set was somewhere between 4 and 10%. Remarkably, there was no clear correlation between the crosslink density and compression set of the rubber. This was contrary to our results which showed a clear correlation between the two at least for most of the compounds tested (Tables 3&4). It was also encouraging to see that the increase in the compression set as a function of MBTS/ATU and TMTD/ATU weight ratios in the cure system was similar to the trend we observed. It is worth noting there was no correlation between MBTS/ATU and TMTD/ATU weight ratios in the cure system and crosslink density of the rubber. 35 In our work, the crosslink density decreased as the CBS/TMTD weight ratio was raised progressively. This was because TMTD was a sulfur donor accelerator (Scheme 1) and as there was less TMTD in the higher CBS/TMTD weight ratios, hence there was less additional sulfur released to participate in the curing of the rubber and consequently the lower crosslink density.
Correlation among the compression set, tensile strength, elongation at break and hardness of the rubber vulcanizate -Compression set and tensile strength
Compression set and tensile strength - Table 4 Clearly, when these two accelerators were used together in the cure system, they were more beneficial to the rubber properties.
Compression set, elongation at break and hardness
For most compounds, the elongation at break showed an upward movement as did the compression set. However, this was not the case for compounds 2 & 3, 12 & 13, and 17 & 18 (Table 4) . Since higher compression set was due to lower crosslink density (Tables 4), this also explained the higher elongation at break because as crosslink density decreased, the rubber chains were less restricted and could stretch more when load was applied to the rubber. The compression set and rubber hardness did not correlate in an obvious way. For some compounds, e.g. compounds 2-4, the compression set increased by 113%, whereas the hardness reduced only by 1.3%. For the carbon black-filled compounds, the hardness remained between 71 to 80 Shore A whilst the compression set changed from 5.5 to 37.4 % ( Table 4 ). The silica-filled compounds were the hardest at 80-85 Shore A. As stated earlier, the silica-filled compounds had higher crosslink densities because of the reaction of the tetrasulfide groups of TESPT with the rubber chains, which produced additional crosslinks in the rubber. Previous studies showed no obvious correlation between compression set and mechanical properties such as hardness, tear strength, resilience and abrasion loss. 35 Our results seemed to confirm these earlier findings.
Effect of the fillers on the rubber properties
As the results in Table 4 The silica filler had a much larger surface area of 175m 2 /g and therefore it was expected to be a lot more reinforcing than the carbon black fillers. Reinforcing effect of the same amount of HAF carbon black and precipitated amorphous silica fillers on the mechanical properties of styrene-butadiene rubber (SBR) was investigated. The study
showed that properties such as tensile strength, stored energy density at break, and tear energy were superior for the silica-filled rubber vulcanizate. 36 This was attributed to the larger surface area of the silica particles. But, this was not the case when our results were examined (Table 4) . Thus, it is likely that other factors such as different crosslink structures might have influenced the ability of the silica filler to reinforce the rubber.
Recall that in the carbon black-filled compounds the crosslinks formed between the rubber chains and in the silica-filled compounds the links formed between the filler and rubber as well as between the rubber chains. Although higher crosslink densities were measured for the silica-filled compounds (Table 3) , the compression set was higher compared with the carbon black-filled compounds, i.e. 27-54% (Table 4) . It was concluded that the extra crosslinks which might have formed between the rubber and filler via the tetrasulfane groups of TESPT had little or no effect on the chains movement within the bulk of the rubber and the compression set was affected mainly by the formation of crosslinks between the rubber chains. In fact, a similar behavior was also reported when 10 phr of TESPT pre-treated precipitated silica was used to reinforce NR. Chemical bonds or crosslinks formed between the rubber and filler via the tetrasulfane groups of TESPT. The compression set of the filled rubber reduced by a staggering 33% when 0.2 phr elemental sulfur was added. In the latter case, crosslinks formed between the rubber chains as well as between the filler and rubber chains. 33 There are various factors which affect reinforcement of rubber by solid fillers. They are:
filler-rubber interaction, 37, 38 filler-filler interaction, 39 , and formation of crosslinks in rubber. 10, 12 Silicas differ from carbon blacks in many ways. Due to the different chemical Thus, the improvement seen in the tensile strength when N330 was replaced with N550 and N660, was due to higher dispersive component of surface free energy, which caused stronger rubber-filler interaction as expected.
In situ reinforcement for an NBR rubber vulcanizate, which was premixed with precipitated silica (VN3) and a coupling agent, was investigated. 40 It was reported that the reinforcement efficiency improved with the increase of mechanically premixed silica.
The simultaneous use of VN3 and silane promoted the formation of large silica particles and clusters with a relatively good dispersion in the rubber. This was due to the surface modification of VN3 by the silane, which worked as a dispersion agent for the silica particles in the rubber. This morphology brought about excellent reinforcement effect for the NBR vulcanizate. Ansarifar and co-workers 24 used 60 phr precipitated silica filler to crosslink and reinforce the mechanical properties of an NBR rubber. The silica surface was pre-treated with TESPT to chemically bond silica to the rubber. The hardness, tensile strength and elongation at break increased substantially because of the filler.
The bound rubber and crosslink density measurements indicated strong interaction between the filler and rubber. Generally, precipitated silica pre-treated with TESPT dispersed a lot better in rubber than the silica and liquid TESPT did in situ. 22, 23 Besides, the mechanical properties of the rubber vulcanizates were significantly better with the pre-treated silica. 23, 24 Yet, as shown in Table 4 , there was little evidence of this in the present work, and the picture for the silica/silane system was less clear.
As mentioned earlier, 6, 7, 24, 40 there are numerous factors which affect the mechanical properties of NBR rubber vulcanizates. A more accurate assessment of the effect of the filler type on the compression set, tensile strength, elongation at break, and hardness could not be done because contribution from the silica/TESPT system to the rubber reinforcement was not certain and in addition, the crosslink structures and crosslink densities differed much from one compound to another.
CONCLUSIONS
From this study, it was concluded that:
• The lowest compression set was achieved for the rubber vulcanizate with N330 carbon black, 0.335 phr of elemental sulfur and high loading of CBS and TMTD accelerators in the CBS/TMTD weight ratio. But in most cases, as the CBS/TMTD weight ratio was increased from 0.33 to 3, the compression set deteriorated.
than the silica/TESPT system did.
• For some compounds, the tensile strength remained unchanged when the compression set increased and for others, the tensile strength and compression set followed the same trend. Consequently, there was no obvious correlation between the two properties. Generally, the tensile strength of the rubber vulcanizates filled with N330
carbon black was superior to that of the other compounds.
• The lowest tensile strength was recorded for the rubber cured with 8 phr CBS whereas the rubber cured with 1.6 phr TMTD had a much higher tensile strength of 23
MPa. When the two accelerators were used together in the cure system, they were more beneficial to the rubber properties. 
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